Abstract-Structural remodeling of the myocardium associated with mechanical overload or cardiac infarction is accompanied by the appearance of myofibroblasts. These fibroblast-like cells express ␣-smooth muscle actin (␣SMA) and have been shown to express connexins in tissues other than heart. The present study examined whether myofibroblasts of cardiac origin establish heterocellular gap junctional coupling with cardiomyocytes and whether ensuing electrotonic interactions affect impulse propagation. For this purpose, impulse conduction characteristics (conduction velocity [] and maximal upstroke velocity [dV/dt max ]) were assessed optically in cultured strands of cardiomyocytes, which were coated with fibroblasts of cardiac origin. Immunocytochemistry showed that cultured fibroblasts underwent a phenotype switch to ␣SMA-positive myofibroblasts that expressed connexin 43 and 45 both among themselves and at contact sites with cardiomyocytes. Myofibroblasts affected and dV/dt max in a cell density-dependent manner; a gradual increase of myofibroblast-to-cardiomyocyte ratios up to 7:100 caused an increase of both and dV/dt max , which was followed by a progressive decline at higher ratios. On full coverage of the strands with myofibroblasts (ratio Ͼ20:100), fell Ͻ200 mm/s. This biphasic dependence of and dV/dt max on myofibroblast density is reminiscent of "supernormal conduction" and is explained by a myofibroblast density-dependent gradual depolarization of the cardiomyocyte strands from Ϫ78 mV to Ϫ50 mV as measured using microelectrode recordings. These findings suggest that myofibroblasts, apart from their role in structural remodeling, might contribute to arrhythmogenesis by direct electrotonic modulation of conduction and that prevention of their appearance might represent an antiarrhythmic therapeutic target. 
T wo thirds of the cells of normal hearts are noncardiomyocytes, with fibroblasts constituting the largest fraction. At 2 months of age, fibroblasts outnumber cardiomyocytes by a factor of Ϸ2 in human hearts. [1] [2] [3] Under physiological conditions, fibroblasts are responsible for providing cardiomyocytes with a mechanical scaffold, which integrates the contractile activity of individual cells so as to result in the coordinated pump function of the organ. Accordingly, fibroblasts are found throughout the myocardium, where they form a 3D cellular network surrounding groups of cardiomyocytes. 4 The integrity of this structure is adversely affected by a large number of cardiac diseases ranging from volume to pressure overload and to myocardial infarction. Under these pathological conditions, complex reactions involving changes in extracellular matrix production, cell proliferation, and cell death cause structural remodeling of the ventricular wall, which compromises pump function and predisposes the heart to arrhythmias. 5 Moreover, it has been shown that these disease states are associated with the appearance of myofibroblasts. 6, 7 This cell type, which plays a central role in wound healing in general, is characterized by de novo expression of ␣-smooth muscle actin (␣SMA). 8 In the heart, myofibroblasts are found, for example, in hypertensive heart disease and in infarcted myocardia, where they are involved in the establishment of fibrosis and the formation of the infarct scar. 6, 7 Based on previous studies showing that myofibroblasts express connexins in tissues other than heart, 9,10 the question arises whether this cell type might similarly be capable of forming functional gap junctions in diseased myocardia. If this were to be the case, the intriguing possibility arises that myofibroblasts might be involved in arrhythmogenesis not only by contributing to the formation of electrically insulating collagenous septa causing discontinuous and zig-zag conduction 11, 12 but also by direct electrotonic modulation of impulse conduction. Accordingly, in the present study, we investigated whether impulse propagation along strands of cultured cardiomyocytes might be affected by the presence of cardiac fibroblasts. Immunocytochemistry identified these fibroblasts as connexin-expressing myofibroblasts, which depressed conduction along the strands in a density-dependent manner and caused uniform slow conduction on completely covering the cardiomyocytes. The findings suggest that myofibroblasts appearing in diseased myocardia might contribute to arrhyth-mogenesis by direct electrotonic modulation of impulse propagation.
Materials and Methods

Patterned Growth Cell Cultures
Patterned growth cell cultures from neonatal rat hearts were prepared according to previously published procedures. 13 Experiments were approved by the state veterinary department. Briefly, hearts from 6 to 10 neonatal rats (Wistar; 1 to 2 days old; Zentrale Tierställe, Inselspital Bern) were excised, the ventricles were minced, and the resulting small tissue pieces were dissociated in Hank's balanced salt solution (HBSS; without Ca 2ϩ and Mg 2ϩ ; Bioconcept) containing trypsin (0.1%; Roche Diagnostics) and pancreatin (60 g/mL; Sigma). The dispersed cells were, after centrifugation, resuspended in medium 199 (M-199) with HBSS (Sigma) containing 10% neonatal calf serum (Bioconcept), penicillin (20 000 U/L; Fakola), streptomycin (34 mol/L; Fakola), and vitamin B 12 (15 mol/L; Sigma). Dissociated ventricular myocytes were preplated for Ն2 hours in culture flasks at a density Ͻ1ϫ10 3 cells/mm 2 to reduce the percentage of nonmyocardial cells. 14 Cardiomyocytes were seeded at a density of 1.5ϫ10 3 cells/mm 2 on coverslips pretreated to result in patterned growth cell strands measuring 80 mϫ10 mm. 13 The preparations were grown in supplemented medium M-199 (see above) containing, in addition, vitamin C (18 mol/L; Sigma) and epinephrine (10 mol/L; Sigma). After 1 day, the serum content was reduced to 5%. Bromodeoxyuridine (BrdU; 100 mol/L; Sigma) was routinely added to the growth medium of control cardiomyocyte cultures.
Fibroblast Coating
Flasks containing preplated cardiac fibroblasts were kept in culture with supplemented M-199 for 8 days. Before being harvested with trypsin containing dissociation buffer, fibroblasts were live stained for 20 minutes with 5 mol/L DiI (Invitrogen) dissolved in supplemented M-199. After dissociation, fibroblasts were washed and resuspended in the same medium before being seeded at densities up to 400 cells/mm 2 onto 1-day-old cardiomyocyte preparations. Experiments were performed with 3-to 4-day-old preparations.
Optical Recording of Electrical Activation
The characteristics of impulse propagation were assessed optically after staining the preparations for 5 minutes with the voltage sensitive dye di-8-ANEPPS (135 mol/L; Biotium). Changes in fluorescence corresponding to transmembrane voltage changes were assessed using a custom-made fiber optic recording setup described in detail previously. 15 Recordings were made with a ϫ20, 0.75 numerical aperture objective, which permitted the measurement of impulse propagation characteristics over a distance of 750 m with a spatial resolution of 50 m.
Experimental Protocol
After staining, preparations were superfused with HBSS (Sigma) containing (mmol/L) 137 NaCl, 5.4 KCl, 1.3 CaCl 2 , 0.8 MgSO 4 , 4.2 NaHCO 3 , 0.5 KH 2 PO 4 , 0.3 NaH 2 PO 4 , and 10 HEPES, which was titrated to pH 7.40 with 1 mol/L NaOH and contained 1% serum. Tetrodotoxin (TTX) used in one series of experiments was obtained from Latoxan. Preparations were stimulated at 2 Hz with rectangular pulses (duration 1 ms; suprathreshold intensity) for Ն10 s before a given optical recording. All experiments were performed at 36°C.
Data Analysis
Optical raw data were digitally low-pass filtered at corner frequencies (f o ) ranging from 0.1 to 0.5 kHz, and action potential amplitudes (APA) were set to 100%. Assuming an average APA of 100 mV, the scaled values given as %APA translate directly into millivolts. Local activation times for each recording site were determined as described before and conduction velocities (; mm/s) were calculated from the slope of a linear least square fit of activation times along the preparation. 15 Values for maximal upstroke velocities (dV/dt max ) were calculated in relation to %APA and are given as %APA/ms. Under the assumption of an average APA of 100 mV, %APA/ms corresponds to V/s.
Microelectrode Recordings
Maximal diastolic potentials (MDPs) in strands of cardiomyocytes and in monolayer cultures of myofibroblasts were assessed using conventional microelectrode recording techniques as described previously (for details, see the online supplement, available at http://circres.ahajournals.org). 16 
Immunocytochemistry
Cultured preparations were stained for vimentin, ␣SMA, connexin 43 (Cx43), and Cx45 using protocols outlined in detail in the online supplement. In those experiments in which fibroblast densities were correlated with optical or electrical measurements, measurement locations were stored during the experiments (PC-controlled custommade x-y table for the microscope) for later recall after preparations had undergone immunocytochemistry.
Fibroblast Density
The density of fibroblasts was determined by counting live-stained or immunocytochemically identified fibroblasts within the strand sections imaged during optical recordings (750ϫ80 m; total area 60 000 m 2 ). Because strand sections had identical dimensions in all experiments, fibroblast densities are given as cell count per measurement area (MA).
Statistics
Values are given as meanϮSD. Data were compared using the Student t test (two-tailed; homoscedastic or heteroscedastic where appropriate), and differences were considered significant at PϽ0.05.
Results
Phenotype of Cultured Fibroblasts
Cardiac fibroblasts in cell culture tend to undergo a phenotype switch to myofibroblasts. 17, 18 The hallmark of this transition, which is sensitive to culture conditions, is the de novo expression of ␣SMA. 19, 20 As depicted by Figure 1A , fibroblasts grown under our culture conditions showed abundant expression of ␣SMA and vimentin 24 hours to 72 hours after plating on glass coverslips, which identifies these cells as myofibroblasts. Because rigid substrates have been shown to favor the transition of fibroblasts to myofibroblasts in culture, 20 ␣SMA expression was additionally assessed in fibroblasts growing on top of cardiomyocytes ( Figure 1B ). Despite the fact that cardiomyocytes can be considered to represent a "soft" substrate for fibroblasts, ␣SMA expression was not compromised, which indicates that fibroblasts also maintained the myofibroblast phenotype when grown in this more in vivo-like configuration. Double immunolabeling for ␣SMA and Cx43 and Cx45, respectively, revealed that myofibroblasts of cardiac origin express both types of connexin and that these connexins are located at contact sites among myofibroblasts and between myofibroblasts and cardiomyocytes ( Figure 2A ). As illustrated by the high magnification images of a double-immunolabeling experiment for Cx43 and Cx45 in Figure 2B , both connexins showed a punctate expression pattern along contact sites between cardiomyocytes and myofibroblasts ( Figure 2B ).
Modification of Impulse Conduction by a Coat of Myofibroblasts
The effects of myofibroblasts on impulse conduction along linear strands of cardiomyocytes were investigated in preparations that received a coat of myofibroblasts of cardiac origin after 24 hours in culture. Before seeding, myofibroblasts were live stained with DiI to permit the assessment of their density and spatial distribution along the strands. Myofibroblast densities are given as cell count per measurement area (MA). MAs were identical for all experiments and corresponded to the sections of the preparations imaged during optical recordings (750ϫ80 m). Two days after seeding, the density of myofibroblasts on top of cardiomyocyte strands ranged from 0 to Ϸ30 cells per MA, where 30 cells per MA typically indicated complete coverage of the cardiomyocyte strands by myofibroblasts. Given that MAs contained on average 132 cardiomyocytes (determined in phase contrast images of 80 m wide control strands; nϭ20), complete coverage of cardiomyocytes by myofibroblasts occurred at a myofibroblast-to-cardiomyocyte ratio of Ϸ23:100. An example of an optical measurement of impulse propagation in a preparation with only a few adherent myofibroblasts is shown in Figure 3A . Maximal upstroke velocities (dV/dt max ; 26.4Ϯ1.4 %APA/ms; f o ϭ0.1 kHz; nϭ15) and conduction velocity (; 377 mm/s) were fast and propagation was uniform. In contrast and as shown in Figure  3B , preparations with an increased myofibroblast density showed a marked decline in both dV/dt max (19.4Ϯ2.1 %APA/ ms; f o ϭ0.1 kHz; nϭ15) and (243 mm/s), whereas propagation remained uniform. The summary of all individual measurements (nϭ137) shown in Figure 4A illustrates that increasing myofibroblast densities were accompanied by a gradual decline of from Ϸ400 mm/s (no attached myofibroblasts) to Ϸ170 mm/s (complete coverage of cardiomyocyte strands by myofibroblasts). Binning of these data ( Figure  4B ) revealed a myofibroblast density-dependent decay of , which was best fitted by an exponential (r 2 ϭ0.998). Similar to the decay of , dV/dt max progressively declined with increasing myofibroblast density ( Figure 4C and 4D).
Slowing of Conduction by Endogenous Myofibroblasts
Whereas the experiments above illustrate the extent by which exogenously added myofibroblasts affect conduction, they did not take into account the effects of endogenous myofibroblasts that are invariably present in primary cultures of cardiomyocytes. 16, 21 To investigate the possibility that this background of endogenous myofibroblasts by itself modulates conduction, we determined impulse propagation characteristics in preparations obtained under the following culture conditions known to modify the myofibroblast content: (1) omission of preplating of the cell suspension obtained after trypsinization; (2) standard conditions (ie, use of preplating); (3) standard conditions with BrdU added to the growth medium. As shown by the immunostainings of 3-day-old preparations in Figure 5A , omission of preplating resulted in preparations being highly contaminated by endogenous myofibroblasts (29.3Ϯ8.1 cells per MA; nϭ42). This number was substantially reduced (9.6Ϯ4.4 cells per MA; nϭ39) after preplating, whereas the additional inclusion of BrdU had no further significant effect on the myofibroblast content (9.5Ϯ3.0 cells per MA; nϭ44) in these 3-day-old preparations. As shown in Figure 5B , and dV/dt max were highest in the preplating/BrdU group (450Ϯ34 mm/s; 74.8Ϯ3.2 %APA/ms; f o ϭ0.5 kHz; nϭ44) and were slightly reduced in the absence of BrdU (430Ϯ54 mm/s; 74.6Ϯ6.8 %APA/ms; nϭ39). Omission of preplating resulted in a significant reduction of both and dV/dt max to 315Ϯ68 mm/s and 49.2Ϯ11.0 %APA/ms, respectively (nϭ42), indicating that endogenous myofibroblasts acted similarly on conduction as exogenously added myofibroblasts.
Interestingly, when combining all data and plotting both and dV/dt max as a function of the density of endogenous myofibroblasts (Figure 6 ), both parameters showed a biphasic dependence; with increasing myofibroblast density, and dV/dt max first increased to reach a peak at Ϸ9 myofibroblasts per MA before declining to values exhibiting the characteristics of slow conduction at higher myofibroblast densities. This result is highly reminiscent of the biphasic dependence of and dV/dt max on the concentration of extracellular potassium, which, by modulating the resting membrane potential, induces the well-known phenomenon of "supernormal conduction." 22, 23 Accordingly, this biphasic relationship suggests that myofibroblasts might affect conduction by a cell density-dependent gradual depolarization of the cardiomyocytes.
Mechanism of Myofibroblast Induced Slowing of Conduction
Based on previous reports showing that cultured cardiac fibroblasts are less polarized (Ϫ20 to Ϫ40 mV) than cardiomyocytes (Ϫ60 to Ϫ80 mV), 16, 24, 25 it can be hypothesized that on gap junctional coupling, fibroblasts cause partial depolarization of cardiomyocytes into the range of sodium channel inactivation, thus causing slowing of conduction. Alternatively, if cardiomyocytes should be able to fully compensate for the depolarizing influence of fibroblasts 25 or if fibroblasts were to be well polarized themselves, 26 slowing of conduction might be explained by the capacitive load exerted by the fibroblast cell membranes on the cardiomyocytes. To differentiate between these two mechanisms, we assessed the effect of 20 mol/L TTX on measured along cardiomyocyte strands coated with myofibroblasts. As depicted by Figure 7 , TTX failed to affect in preparations exhibiting myofibroblast-induced slow conduction (Ϸ150 mm/s) whereas with decreasing myofibroblast density, gradually increased and TTX became progressively more effective in slowing conduction. In preparations with a low myofibroblast count and, hence, fast conduction, TTX reduced by up to 60%, which is in accordance with values reported previously for cardiomyocyte strands not coated with myofibroblasts. 27 These findings suggest that increasing numbers of myofibroblasts, which themselves exhibited a membrane potential of Ϫ20.4Ϯ4.0 mV (nϭ14), caused a progressive depolarization of the cardiomyocytes, which rendered the preparations ultimately insensitive to TTX. We assessed this hypothesis by correlating MDPs measured in cardiomyocyte strands to the local overall density of myofibroblasts (endogenous and exogenous). As shown by the scatter plot of all measurements in Figure 8A , increasing myofibroblast densities caused a gradual decline in MDP from around Ϫ80 mV to values around Ϫ50 mV. Binning of the data ( Figure 8B ) resulted in a relationship between MDP and myofibroblast density that was best fitted with a power function (r 2 ϭ0.970). 
Discussion
The results of this study indicate that heterocellular gap junctional coupling between cardiomyocytes and myofibroblasts of cardiac origin substantially influences the characteristics of cardiac impulse propagation. In particular, the study shows that: (1) cardiac fibroblasts in culture undergo a phenotype switch to myofibroblasts that express Cx43 and Cx45 both among themselves and with cardiomyocytes; (2) myofibroblasts slow conduction primarily by partial depolarization of cardiomyocytes; and (3) the presence of endogenous myofibroblasts importantly determines the electrophysiological characteristics of primary cardiac cell cultures.
Fibroblasts, Myofibroblasts, and Connexin Expression
Proliferation and activity of extracellular matrix producing cells is central to tissue fibrosis. In the normal myocardium, interstitial fibroblasts are responsible for collagen synthesis, whereas after infarction or in the context of hypertensive heart disease, phenotypically transformed fibroblasts termed myofibroblasts additionally participate in fibrogenesis. 6, 28, 29 This cell type, which is not normally found in healthy hearts with the exception of valve leaflets, is characterized by the expression of ␣SMA. 8 As in the case of diseased hearts, cultured cardiac fibroblasts undergo a phenotype switch to myofibroblasts, and this process has been shown to be favored, for example, by hyperoxic culture conditions or by growing fibroblasts on rigid substrates. 18 -20 Whereas these results were obtained in monolayer cultures, we show in the present study that fibroblasts of cardiac origin develop and maintain the myofibroblast phenotype also when grown in a spatial configuration resembling the in vivo situation (ie, when layered on top of cardiomyocytes). Because cardiomyocytes can be considered to represent a "soft substrate" for the fibroblasts, the observed phenotype switch is likely to be dependent on additional mechanisms such as, for example, mechanical stretch exerted by the contracting cardiomyocytes. 30 The question of whether fibroblasts in intact hearts express gap junctions among themselves and with cardiomyocytes is still debated. Whereas early studies failed to show robust evidence for homocellular or heterocellular gap junctional coupling, 31 such coupling has recently been described in vivo in the sinoatrial node, 32 whereas for fibroblasts residing in the ventricular wall of healthy myocardium, the presence of connexins is still disputed. 4, 33 Regarding myofibroblasts, expression of gap junctions has been shown to occur in tissues other than heart. 9, 10, 34 The results of the present study extend these findings to cardiac tissue by showing that myofibroblasts of cardiac origin express Cx43 and Cx45 both among themselves and with cardiomyocytes, thus forming the basis of potential heterocellular electrotonic interactions. Whereas direct experimental proof of such homocellular/ heterocellular gap junctional coupling in intact cardiac tissue is still missing, the findings that healing infarcts are mainly populated by myofibroblasts, 6, 35 and noncardiomyocytes pop- ulating healing infarcts in sheep hearts display abundant expression of Cx43 and Cx45 33 provide indirect evidence that myofibroblasts appearing in diseased hearts might indeed have the potential to form homocellular/heterocellular gap junctions by which they possibly interfere with normal cardiac electrophysiology.
Myofibroblast-Induced Slow Conduction
Although the role of myofibroblasts as a central element in structural cardiac remodeling after various injuries to the heart is well established, the question of whether this cell type might contribute to arrhythmogenesis by direct electrotonic interaction with cardiomyocytes is still open. Cell culture experiments have shown previously that heterocellular electrical coupling between cardiomyocytes and fibroblasts (which, based on the present and other studies, 18, 20 were presumably myofibroblasts) substantially influences impulse propagation. In monolayer cultures of neonatal rat ventricular cardiomyocytes, it was demonstrated that clusters of fibroblasts transfected with the voltage-sensitive potassium channel K v 1.3 induce local conduction blocks. 36 Moreover, it was shown that fibroblasts of cardiac origin are capable of relaying electrical activation between strands of cardiomyocytes for distances up to 300 m. 37 In contrast to these investigations addressing the effects of nonuniformly distributed fibroblasts on conduction, the present study shows that uniformly distributed myofibroblasts as might be found in diffuse cardiac fibrosis substantially reduce and dV/dt max as a function of myofibroblast density. Uniform slow conduction (Ͻ200 mm/s) was observed at myofibroblast-to-cardiomyocyte ratios Ͼ19:100 (Ͼ 27:100 when corrected for endogenous myofibroblasts; see below). At these densities, myofibroblasts, which exhibited membrane potentials (Ϫ14 to Ϫ25 mV) falling within the range of potentials reported before by others for cultured cardiac fibroblasts (Ϫ10 to Ϫ20 mV; Ϫ20 to Ϫ40 mV), 24, 25 depressed the MDP of cardiomyocytes to values ϽϪ55 mV, thus causing inactivation of sodium channels and, accordingly, slow inward current-based conduction.
Endogenous Fibroblasts and Conduction
Primary cultures of cardiomyocytes are invariably "contaminated" by noncardiomyocytes among which fibroblasts represent the largest fraction. Because these cells tend to overgrow the cardiomyocytes with time in culture, measures that reduce their number in the initial cell suspension (preplating, density gradient centrifugation) and that inhibit their proliferation (BrdU, cytosine arabinofuranoside, irradiation) are routinely used in the establishment of these cultures. 14, 16, 21 As determined in 3-day-old control strands obtained from preplated cell suspensions, the average density of endogenous myofibroblasts amounted to 10 cells per MA, which corre- sponds to a myofibroblast-to-cardiomyocyte ratio of Ϸ8:100. In contrast, omission of preplating resulted in cell strands containing a substantially higher percentage of endogenous myofibroblasts (Ϸ22:100), which caused a significant reduction of both and dV/dt max .
Interestingly, when combining the data of all the three types of preparations and plotting and dV/dt max as a function of the number of myofibroblasts per MA, the resulting relationship shows a biphasic shape with peak values for either parameter occurring at a myofibroblast-to-cardiomyocyte ratio of Ϸ7:100. Based on the finding that myofibroblasts gradually depolarize cardiomyocyte strands in a cell density-dependent manner up to levels of Ϫ50 mV, where they become TTX insensitive, this biphasic relationship can be explained by the well-known phenomenon of supernormal conduction, which accompanies gradual depolarizations of cardiac tissue by potassium. 22, 23 The finding that supernormal conduction occurred at myofibroblast-to-cardiomyocyte ratios (7:100) similar to the average myofibroblast-to-cardiomyocyte ratio found in uncoated control strands (8:100) has two implications. It explains, why and dV/dt max declined monotonically in the case of exogenously added myofibroblasts (Figure 4 ). In these experiments, changes in and dV/dt max were related to the number of exogenously added myofibroblasts only. If these numbers are corrected for "background myofibroblasts" by adding the average number of endogenous myofibroblasts present in uncoated strands (10), the relationship is shifted to the right and coincides, as expected, with the monotonically descending right limb of the biphasic relationship described above. It also predicts that the dependence of on extracellular potassium concentration ( These findings indicate that heterocellular electrical interactions between myofibroblasts and cardiomyocytes can modify the set point of occurrence of supernormal conduction in respect to [K ϩ ] o . Moreover, the results illustrate that myofibroblasts play a key role in the determination of conduction characteristics of cultured myocardial cells that needs to be taken into account when aiming at establishing culture models exhibiting close to in vivo properties in regard to and dV/dt max .
Study Limitations
Although the findings of this study indicate that impulse propagation characteristics in networks of cardiomyocytes in vitro are strongly affected by the presence of electrically coupled myofibroblasts, the extrapolation of these data to the situation in vivo has to await future characterizations of myofibroblasts in diseased hearts in respect to their size and relative density, their cellular electrophysiology, and their ability to form homocellular and heterocellular gap junctions. .58). Superfusion of the preparations with 20 mol/L TTX has virtually no effect on slow-conducting cell strands, whereas it reduces by up to Ϸ60% in fast conducting preparations lacking myofibroblasts (right ordinate: % reduction of control during TTX superfusion; exponential fit: r 2 ϭ0.79). 
